The present work concerns the study of solvent effects on the geometrical structures, as well as one-and two-photon absorption (TPA) processes, for two series of alkyne and alkene π-bridging molecules, within the framework of the polarization continuum model. Particular emphasis was put on the characterization of solvent effects on the molecular geometrical structures and geometric distortion, which were measured by the bond-length-alternation parameter. The π centres in the compounds are seen to play a decisive role in increasing the TPA cross section and nonlinear optical properties. All studied molecules have relatively strong TPA characteristics, while the alkyne π-bridging ones yield larger TPA cross sections.
I. INTRODUCTION
Two-photon absorption (TPA) is a nonlinear optical process describing the simultaneous absorption of two photons by a particular molecule. As described in Ref. [1] , TPA of organic materials has been under the spotlight of diversified research areas, such as chemistry, photonics, and biology, with a wide variety of applications of two-photon technology emerging from such studies. Upconverted lasing [2] , optical power limiting [3] , photodynamic therapy [4] , and three-dimensional (3D) microfabrication [5, 6] are some examples given in Ref. [1] . A strong effort on performing experimental synthesis and theoretical calculations has been made in order to find novel non-linear optical materials with strong TPA. A recent study [7] enumerates some advantages of organic nonlinear optical materials superior to inorganic materials: large NLO coefficients, greater ease of synthetic design and lower cost [8−13] . Such benefits may trigger new developments in optical communications, information processing, frequency doubling, and integrated optics [7] . However, there remains some uncertainty in the details of design criteria for molecules with large TPA cross sections at desired wavelengths, so the need to understand the structure-property relationships is of significant importance in a research area [14] . In recent work [15] we have stated that the TPA activities are related to a number of factors: conjugated length, π center property, symmetrical/asymmetrical arrangement of the electron-donor (D) and electron-acceptor (A) attached to the π center and its strength to push and pull electrons, molecular dimensionality [16−19] and planarity [20−22] . These listed factors are nowadays considered for the design of molecular materials possessing strong TPA.
In diverse TPA materials, various π-bridging chromophores have been considered for increasing the TPA cross section. Among them, alkene π-bridging (C=C) is the most widely studied, with the double bond between carbons being an excellent conjugation bridge for the intramolecular charge transfer from donor to acceptor. In the recent years, conjugated organic polymers containing acetylene units have been thoroughly both experimentally and theoretically investigated [23−25] . In order to reach a more detailed understanding of the effect of π-bridging and conjugation length on the TPA cross section of alkyne and alkene chromophores, we investigated alkyne π-bridging molecules (A1−A4) synthesized by Liu et al. [26] and also designed four similar molecules with alkene π-bridging (noted as B1−B4), as shown in Fig.1 .
While this specific molecular design has been proven to be the most effective way to modify the TPA cross sections of molecules [27] , the choice of solvent has also been suggested to play a similar role [28−33] . Solvent effects on the molecular geometrical structures and geometric distortion can be measured by the bond-lengthalternation (BLA) parameter, which can be defined as the difference between average single and double bond distance in the conjugated pathway [34] . In order to investigate the solvent effect on alkyne π-bridging (C≡C), we tried to expand this concept and define the BLA as the difference between average single and triple bond distance, including the alternation of C≡C for alkyne π-bridging compounds.
II. COMPUTATIONAL METHODS
This section closely follows the presented description in Refs. [15, 35] . One-photon absorption strength between the ground and excited state is described by the oscillator strength
where ω f is the excited state energy at the final state and µ α is the dipole moment operator. The summation runs over the molecular axes: α∈(x, y, z). TPA cross sections of randomly oriented systems can be directly related to the imaginary part of the third susceptibility. Alternatively, the TPA cross section can be obtained by computing the individual TP transition matrix elements S αβ between the initial state |0⟩ and final state |f ⟩ [2, 36] ,
Where α, β∈(x, y, z), ω i and ω f are the excitation energy to the intermediate state |i⟩ and the final state |f ⟩, respectively. The summation here includes all intermediate, initial, and final states. The TPA probability of excited molecules by a linearly polarized monochromatic beam can be calculated by
The TPA cross section that can be directly compared with the experiment is defined as:
where a 0 is the Bohr radius, c 0 is the speed of light in vacuum, α is the fine structure constant, ω is the photon energy of the incident light, g(ω) denotes the spectral line profile that is assumed to be a δ function here, and the level broadening of final state is assumed to have the commonly used value [11] Γ f =0.1 eV, corresponding to a lifetime of a few femtoseconds.
III. RESULTS AND DISCUSSION

A. Computational details
In previous studies, Masunov et al. have shown that Hartree-Fock (HF) optimizations yield better results than optimizations performed at the DFT level with the B3LYP functional, while studying the ground-state geometries of similar conjugated systems and reproducing the BLA [37, 38] . In previous researches, Zhao et al. [27] and Li et al. [15] have also reached three conclusions: (i) HF optimizations yield nonplanar structures; (ii) the BLA value obtained with the HF method is larger than the one obtained with B3LYP; (iii) excitation energies based on HF optimized geometries agree very well with experimental results, with the opposite happening between B3LYP calculations and experimental results. Based on this information, we decided to optimize molecular geometries at the HF level using the Gaussian program [39] . For the calculation of the onephoton absorption (OPA) and TPA properties we relied on response theory [40] as implemented in the DAL-TON program suite [41] . This was done initially at the DFT/B3LYP level. Solvent effects on geometric structures and on OPA and TPA properties were studied via PCM. HF and B3LYP calculations were performed with the 6-31G basis set. However, for the purpose of assuring some degree of convergence in the numerical results, we performed additional calculations at the HF/6-31G * and B3PW91/6-31G levels of theory.
B. Molecular structures
The studied molecular structures (B1−B4) are shown in Fig.1 , which differ from those (A1−A4) in Ref. [26] , by replacing the hexyls at the nitrogen atoms by methyl (CH 3 ) groups. This alteration has the merit of achieving a significant reduction of computational time while maintaining the essential characteristics of the single chromophores. Our optimizations show that the choice of π-bridging affects the molecular geometry. For the alkyne π-bridging compounds, the backbones of molecules A1−A4 lie virtually on the same plane, while the alkene counterparts yield a nonplanar structure, with "both side phenyl groups rotated in opposite directions by a torsion angle with respect to the middle benzene ring" [27] . Furthermore, B4 has the largest torsion angle of about 90
• . We present the optimized geometries of A4 and B4 in Fig.2 for comparison.
As stated by Masunov and coworkers [38] , there are two geometric parameters that play a significant role in characterizing the electronic properties of conjugated molecules: planarity, which relates to the dihedral angle along the backbone, and BLA. We have found that the same solvent effects exist on both of the alkyne and alkene π-bridging molecules. To make a comparison, • we list some selective bond lengths and dihedral angles of A1 (A2) and B1 (B2) in the gas phase and in varying solutions, in Table I and II. The triple bond length of the optimized A1 structure (1.200Å) can be seen to be similar to the one obtained by other groups (1.209Å) [42] , (1.216Å) [43] , (1.200Å) [44] and to a bond length resulting from a measurement from a crystallographic structure (1.206Å) [45] for dipheny-lacetylene. The type of substituent is seen to have a small influence on the triple bong length, which slightly shortens with an increase in the alkyne π-bridging length [42] , as A2 (1.201Å). As previously mentioned above in the introduction, the extent of changes in molecular geometry induced by solvents can be characterized by BLA, which is defined as the average between single and double (or triple) bond distances in the conjugated pathway [46] . It can be seen from Table I that the bond length of single and double bonds for the alkene π-bridging compounds show opposite behavior via increasing solvent polarization. Same effects are also found in the alkyne counterparts with decreased single bond length and increased triple bond length. For example, the single bond length decreases from 1.432Å to 1.420Å for A2, and the triple bond length increases from 1.201Å to 1.228Å. The value of BLA decreases from 0.203Å to 0.162Å for gas and DMF solvent, respectively. As similar in B2, single C−C bond length decreases from 1.468Å to 1.467Å, double bond length increases from 1.336Å to 1.336Å, and BLA decreases from 0.126Å to 0.125Å. We noted that it shows a larger solvent effect on the alkyne π-bridging compounds geometries.
In Table II , the dihedral angle defined as along the chains C4−C5−C1−C2 and C4−C5−C11−C12, are both 179.9
• for alkyne π-bridging molecule A1, and 
147.5
• , 163.6
• for alkene π-bridging counterpart B1 in the gas phase, respectively. Larger solvent effects on the dihedral angles were found for alkene π-bridging molecules: the dihedral angle for B1 is 179.6
• in toluene, 157.5
• in CHCl 3 and 167.5
• in DMF. When the number of double bonds in the π-bridging center increases from one to two, it significantly decreases the dihedral angle, and improves the planarity, such as B2.
C. One-photon absorption
In Table III we have listed the OPA properties of the five lowest excited states of eight compounds as calculated with the TDDFT method. For all compounds, the first excited states have the largest OPA strength, which is noted as a charge transfer (CT) state. For alkene and alkyne π-bridging derivatives, the substituents in the π-bridging center cause a red shift in the absorption spectrum, compared with the parent compound. The largest observed shift is attributed to the A4 compound (λ=493.1 nm), compared to A1 (λ=337.2 nm). One notes that the expected enhancement in the oscillator strength on going from A1 to A3 and from B1 to B3 is caused by the increase in the molecular conjugation length. However, the oscillator strength gets lower in A4 and B4: A4 has two CT states occurring at the first (δ op =1.17) and fifth (δ op =0.76) states, which increases the extent of intramolecular charge transfer in two dimensions; B4 also has two CT states but with very small oscillator strength, which is mainly due to the fact that B4 has the largest torsion angle of about 90
• with respect to the middle benzene ring, and the nonplanar geometry significantly reduces intramolecular charge transfer effects.
The OPA peak for alkyne π-bridging compounds are blue-shifted relative to their alkene counterparts, which is consistent with the results obtained by Bhaskar et al. [47] . The oscillator strengths for alkyne π-bridging compounds are slightly larger than those of alkene analogues except B2. This is mainly due to the fact that all of the alkyne π-bridging compounds have perfect planarity, while the alkene counterparts yield nonplanar structures, except B2, which shows a good planarity. That is, nonplanar structures are unfavorable to π electron delocalization, decreasing oscillator strengths of the alkene π-bridging compounds.
With the objective of testing the convergence of our results with respect to the choice of hybrid functionals and basis sets, we have performed calculations for A4 based on the hybrid functional B3PW91 and a different basis set (6-31G * ). The results, which can be seen in Table IV , show a good degree of similarity between the three sets of calculations, thus suggesting convergence.
The calculated excited energies and oscillator strengths of the CT states in various solutions are presented in Table V . The polarity of the solvent has a small effect on the position and strength of the absorption spectrum. Compared with the experimental results, it can be seen that the numerical calculations correctly described the solvent effects for the absorption spectrum of the measured counterparts. Naturally, the agreement between theoretical predictions and experi- ments is not always perfect. Such disagreements can be attenuated by considering the hexyls substituents at the nitrogen atoms, more advanced theoretical methods, and also the vibronic effect, which is known to contribute not only to OPA magnitudes, but also to the profile of the OPA spectra [16] .
D. Two-photon absorption
Table VI presents the TPA cross section in the gas phase referring to excited states of all compounds. The four alkyne containing systems (A1−A4) differ only by an increase in the conjugation length of the π-bridging. When increasing π-bridging length with two triple bonds, a one-fold increase in TPA for A2 in comparison with A1 is detected. It is clearly seen that the TPA of A3 is approximately 1.5 times higher than A2 via inserting a phenyl into the π-bridging, and yields a 2-fold increase in comparison with A1. Comparing compounds A3 and A4, which differ only by an increase in the number of phenyl as the center, it is noted that the maximal TPA of A4 is about 1000 GM (1 GM=10 −50 cm 4 ·S/photon) lower than that of A3. This is mainly due to the fact that A4 existes in two stronger TPA states which lie at the second and fifth state, and the TPA cross section are 2911.0 and 1205.1 GM, respectively. The same trends can be noted to the alkene π-bridging counterparts. However, in the case of the alkene π-bridging molecule B4, the TPA cross sections are rather small when compared to the other cases. This is another example of how important the planarity of the molecules can be for enhancing TPA ability. Another factor contributing to the increase in the TPA cross sections is the increase in conjugation, which has two well-known effects [48−50] : reduction of the detuning term and increase of the transition dipole moment. Comparing the TPA for the two series of molecules, we found that the alkyne π-bridging chromophores have larger TPA properties over the alkene π-bridging counterparts. This may be attributed to the better planarity of the alkyne π-bridging molecules over the alkene π-bridging counterparts.
Results listed in Table VII show that TPA cross sections are slightly enhanced upon solvation. For instance, the TPA cross section of A3 is 4021.5 GM in toluene, 3989.8 GM in CHCl 3 , and 4010.8 GM in DMF, which are larger than the TPA cross section in the gas phase. Furthermore, the effect on the TPA cross section exhibits a nonmonotonic behavior with respect to the polarity of the solvent, a behavior consistent with experimental results. However, the calculated results are larger than the experimental values, by about two orders of magnitude. These discrepancies may be due to the fact that the experimental TPA cross section values are given at 720 nm for molecule A3. We found that our calculated results at about 740 nm agree well with the measured values. CT states are known to have an important contribution in the determination of optical properties of molecules. In order to get a better understanding of the processes involved in charge-transfer, we have calculated, for all compounds and much in the spirit of Ref. [15] , the charge variation of the donor and the acceptor between the first CT and the ground states in the gas phase, as shown in Fig.3 . The peak and valley parts represent the enhance and decrease of the electron densities, respectively. We also calculate the charge variation of the donor and the π-bridging in all compounds between the first CT and the ground states (see Table VIII ). It is easily seen that electrons mainly move from the terminal electron donors to the central electron acceptor group [15] . When the molecular conjugation length is increased, charge transfer is increased in a greater degree, which thereby shows higher OPA and TPA properties. An additional significant feature is that the amount of intramolecular charge transfer for the alkene π-bridging compounds is larger than that for the alkyne π-bridging systems, which is in agree-DOI:10.1063/1674-0068/30/cjcp1607142 c ⃝2017 Chinese Physical Society ment with the early observation for alkene and alkyne branched systems [47] . However, the TPA cross section in the alkene π-bridging molecules is smaller than the one observed for alkyne π-bridging compounds, and we believe that this is mainly related to the decreased charge transfer region for the nonplanar molecular geometry of alkene π-bridging systems.
IV. CONCLUSION
In this work we have performed calculations with the purpose of obtaining OPA and TPA properties of the two series of (alkyne and alkene) π-bridging molecules. Such calculations were mainly based on the response theory employing DFT with the B3LYP functional. Our calculations show that, in the optical region, the maximal OPA intensity for the studied compounds is in the first excited state. Two series of alkyne and alkene π-bridging molecules present relatively strong TPA activities. Furthermore, alkyne π-bridging chromophores show larger TPA cross sections over the alkene π-bridging counterparts, which is mainly due to the fact that alkyne π-bridging molecules yield better planar structures. Again, it is shown [15] that the planarity of the molecules is helpful for enhancing the OPA and TPA intensities. Two effective ways are suggested to improve the molecular geometric planarity: substituting alkene with triple bonds (C≡C) as π-bridging, or increasing the number of central double bonds.
The polarized continuum model (PCM) was employed with the intention of studying solvent effects on the molecular geometrical structures and TPA properties for those molecules. The obtained results show larger solvent effects on the alkyne π-bridging compounds geometries than alkene π-bridging ones, with larger bond length alternation BLA. TPA cross sections are slightly enhanced upon solvation, exhibiting a nonmonotonic behavior with respect to the polarity of the solvent [51] , which is consistent with experimental results.
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